Introduction {#S5}
============

Defective emmetropisation has been reported in children with strabismus[@R1] and it has been hypothesized that the onset of strabismus results from persistent hypermetropia.[@R2] Ingram reported that emmetropisation was defective in both eyes of more than 80% of children with either a microtropia or heterotropia, regardless of their early refractive status.[@R1] However, because the follow up period was limited to the first 3.5 years of life, it is not known whether the strabismus was associated with slower/delayed eye growth or whether the effect on eye growth persisted in the long term.

Prescribing glasses for hypermetropia in early childhood may impede emmetropisation[@R1] but, in children with strabismus, emmetropisation may fail irrespective of refractive correction.[@R3] This finding is somewhat difficult to interpret, though, because all cases of microtropia and heterotropia were considered together and this prevents understanding of the impact of type of strabismus, visual acuity, and the level of binocular vision on emmetropisation. One study that did analyse esotropia (ET) and exotropia (XT) separately found an increase in the refractive error before the onset of ET, but no consistent relationship between refractive error and the onset of XT.[@R2] However, the considerable variability in concomitance, constancy of the heterotropia, age of onset, and fusion/stereoacuity among children with ET makes it difficult to apply findings from this study to clinical care.

Concomitant ET has a bimodal age-of-onset distribution, with onset \< 6 months of age in about 40% and 18-48 months in 60%.[@R4] One of the most common types of concomitant ET is infantile ET, with an incidence of 0.2-0.6% in the U.K.[@R5]-[@R7] and U.S.[@R8]-[@R11] Nearly all children with infantile ET have surgery to align their eyes and over 80% require occlusion therapy and/or spectacle correction to treat amblyopia.[@R12] Many require repeated interventions. In addition, sequelae of infantile ET include recurrent ET, consecutive XT, dissociated vertical deviation, and latent nystagmus.[@R12]-[@R15] Recurrent ET is found in 60% of children who had surgery for infantile ET during the first 2 years of life even though \>80% have refractive error \<+3.00 dioptre sphere (DS). It typically occurs after a 12-24 month period of post-surgical orthotropia and usually is accommodative or partially accommodative.[@R16]-[@R20] It has been hypothesized that the poor binocular sensory outcome associated with infantile ET allows accommodative ET to develop at low to moderate levels of hypermetropia.[@R17] While the distribution of refractive errors in children with infantile ET has been described, with the most common refractive error in the range 0.00 to +2.00 DS (46.4% to 61%),[@R14], [@R20]-[@R22] little is known about longitudinal changes in refractive status.

In children with low to moderate hypermetropia without strabismus, the bulk of emmetropisation occurs between 3 and 9 months of age.[@R23]-[@R25] Predetermined genetic factors clearly playa role in this early period of eye growth.[@R26] However, there is also evidence for active coordination between the optical and structural development of the growing eye that depends on the ability of the eye to detect hypermetropic defocus and respond to its refractive error; namely, the amount of refractive change and axial growth during this early period is proportional to the initial amount of hypermetropia.[@R24], [@R27] The information provided to the developing eye by hypermetropic defocus will depend on both the underlying refractive error and on accommodation.

The aim of this study was to quantify changes in refractive status over time in children with infantile ET and to analyse a number of factors associated with infantile ET to determine how they may affect emmetropisation.

Materials and Methods {#S6}
=====================

Participants {#S7}
------------

Participants were 143 consecutive patients enrolled in a prospective study of infantile ET at the time of diagnosis, by 6 months of age. They were referred to the study by 16 Dallas-Fort Worth paediatric ophthalmologists. All were followed up for a minimum of 5 years. None of the patients had known developmental delay, concurrent ophthalmic or systemic diseases. None of the children were born preterm (≤36 weeks).

Statement of Ethics {#S8}
-------------------

Informed consent was obtained from a parent prior to the infant\'s enrolment. This research protocol observed the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of the University of Texas Southwestern Medical Center.

Patient Care {#S9}
------------

Patient care was at the discretion of the referring ophthalmologists, within the guidelines of the American Academy of Ophthalmology Preferred Practice Pattern: Esotropia and Exotropia.[@R28] Briefly, initial management included spectacle correction of hypermetropia ≥+3.00 DS, prescribing the full cycloplegic retinoscopy findings (lesser amounts of hypermetropia were corrected at the ophthalmologist\'s discretion) and amblyopia treatment. Only after refractive and amblyopia treatment commenced, if needed, was surgery undertaken to correct ocular alignment. Post-operatively, glasses were prescribed whenever residual or recurrent ET was present and the hypermetropia was ≥+3.00 DS prior to 12 months, ≥+2.00 DS at 1-2 years, and ≥+ 1.5 DS at ≥2 years; glasses were prescribed for lesser amounts of hypermetropia at the ophthalmologist\'s discretion. Some of the referring ophthalmologists attempted to wean patients from spectacle wear gradually by initiating undercorrection by 0.50 to 1.00 DS at 5-7 years of age and progressively decreasing the hypermetropic correction in 0.50 or 1.00 DS increments at 6-month intervals. Hypermetropic correction was reduced only if the child maintained adequate alignment at distance and near with the current spectacle correction and remained aligned with the reduced correction when tested in the office with trial lenses. Compliance with glasses and amblyopia therapy was monitored by parent interview at the research laboratory visits. Perhaps because parents had voluntarily enrolled their children as research participants in the study (located at a site separate from where the child received medical care), they were highly motivated to comply with treatment and generally reported excellent (\>75%) compliance.

Onset and Duration of Esotropia {#S10}
===============================

The age at onset of ET was calculated based on information in medical records and a standardised parent questionnaire as described previously.[@R13] Age at alignment was defined as the age in months at which alignment within the 0 to 8^Δ^ range was first achieved and maintained for at least 12 months (stable alignment). The duration of misalignment was calculated as the difference in months between the age at onset and the age at alignment.

Refractive error {#S11}
================

Cycloplegic retinoscopy (1% cyclopentolate) was performed by the referring paediatric ophthalmologists as part of routine medical care. Data were recorded in the traditional format of sphere (S), plus cylinder (C), and axis (α). These raw data were converted into power vector components:[@R29] M (spherical equivalent), J0 (positive J0 indicates with-the-rule astigmatism; negative J~0~ indicates against-the-rule astigmatism) and J~45~ (oblique astigmatism): $$M = S + \frac{C}{2}$$$$J_{0} = \left( - \frac{C}{2} \right)\,\text{cos}\, 2 \propto$$$$J_{45} = \left( - \frac{C}{2} \right)\text{sin}\, 2 \propto$$ While standard notation is limited to reports of spherical equivalent and cylinder power without regard to precise axis, power vector notation can be used to track changes in refractive error with age as simple, linear differences between independent vector components.

Statistical Methods {#S12}
===================

With the exception of anisometropia, all refractive error data are reported for right eyes only. Descriptive statistics are presented as mean ± standard deviation, except for angle of deviation which is reported as the median ± interquartile interval because prism measurement is on a non-interval scale. Change in refraction over time was calculated as the difference in refraction at the last visit in the 5-7-year-age interval and the last visit in the 8-12-year-age interval divided by the number of years between the two visits (DS/yr). T-tests were used for two-group comparisons and one-way ANOVAs for comparisons among multiple groups. Two-way ANOVA was used to evaluate the interaction between change in refractive error by year and age at which amblyopia was present (never, infantile, age 2-5 years, persistent long-term). Linear regression was used to define the relationship between initial refractive error and refractive error at 5-7, 8-10, and 11-12 years.

Results {#S13}
=======

Clinical Factors {#S14}
----------------

The mean age (±SD) at onset of the ET was 2.8±1.3 months. Eighty-six (60%) of the participants had onset at age 2 months, 29 (20%) at age 3 monts, 12 (8%) at age 4 months, 9(6%) at age 5 months, and 7 (5%) at age 6 months. The mean age at initial visit was 4.5±1.7 months. The median angle of ET at the initial visit, measured to the nearest 5^Δ^, was 45^Δ^(IQR±10^Δ^).

Thirteen (9%) of the participants had resolution of their ET before 12 months of age with (n=9, ET only present without glasses) or without (n=4, no ET; excluded from the analysis) spectacle correction. The remaining 130 (91%) participants had surgery at a mean age of 9.9±5.6 months. The age at initial surgery was ≤12 months for 114 (80%) participants, 12-24 months for 9 (6%) participants, and \>24 months for 7 (5%) participants. Among the 114 participants who had surgery prior to age 12 months, 97 were aligned within 8^Δ^ post-operatively, 3 improved to ≤8^Δ^with spectacle correction, and 14 had residual ET ≥ 10^Δ^ post-operatively (11 of these 14 had a second surgery at age 10.4±1.9 months). Among the 16 participants who had surgery after 12 months of age, 15 were aligned within 8^Δ^ post-operatively and 1 improved to ≤8^Δ^ with spectacle correction. During the follow up period of 5-12 years, 57% (n=82) required additional surgery for recurrent esotropia (n=17; age at surgery =43.5±35.9 months), for consecutive exotropia (n=29; age at surgery =57.7±36.2 months), or for dissociated vertical deviation, hypertropia, or oblique muscle overaction (n=53; age at surgery =40.5±21.6 months); note that some children had more than one type of surgery.

The mean duration of ET prior to attaining stable alignment (≤8^Δ^ for a minimum of 12 months) was 5.4±8.3 months. Seventy-two (50%) of the participants had duration of ≤3 months and 71 (50%) had duration of 4 months or more. Mean age at follow up was 8.7±3.2 years (range 5 to 12 years).

Eighty-two (57%) participants were classified as amblyopic by fixation preference testing at the initial visit, either by absence of steady, central fixation by one eye (n=12; 8%) or failure to maintain fixation through a blink with one eye (n=70; 49%). These participants were treated for amblyopia with occlusion therapy of 0.5-4 hours/day for 1-3 months prior to surgery. Overall, 55 (38%) participants were never found to be amblyopic during the 5-12 year follow-up period, 54 (38%) participants had only one episode of amblyopia treatment (30 prior to 12 months of age, 12 at 2-5 years of age, 12 at \>5 years of age), and 18 (13%) had longterm amblyopia that persisted beyond 7 years of age despite treatment with occlusion therapy and/or atropine.

Refractive Error on the Initial Visit {#S15}
-------------------------------------

On the initial visit, most infants with infantile ET had low to moderate hypermetropic refractive errors; 55% had a spherical equivalent \<+3.00 DS, 27% had a spherical equivalent of +3.00 to +4.99 DS, and only 19 (13%) had a spherical equivalent ≥+5 .00 DS. Eight (6%) had a myopic spherical equivalent. Anisometropia ≥1.00 DS was rare (n=13; 9%) but astigmatism ≥1.00 DC was common (n=52; 36%, including 15% WTR, 10% ATR, and 10% oblique astigmatism). On the initial visit, 57 (40%) children had refractive error sufficient to require spectacle correction according to the AAO guidelines described previously.[@R28]

Forty of the 57 were prescribed glasses on the initial visit. Seven infants who were≤3 months of age at the time of the initial visit and/or presented with a variable angle of deviation were prescribed glasses at the second visit, 2-8 weeks later. The remaining 10 infants either were not prescribed glasses (ET ≥50^Δ^ with ≤+3.50 DS and anisometropia \<1.00 DS; n=8) or the parents refused treatment with glasses (n=2).

Based on power vector analyses of the raw cycloplegic refraction data, mean spherical error (M) at the initial visit was +2.54±1.83 DS for right eyes and +2.55±1.82 DS for left eyes. Mean astigmatic error was negligible (J~0~= 0.05±0.37 DC; J~45~ = -0.12±0.26 DC). Mean anisometropia (\|M~right~-M~left~\|) was 0.28±0.60DS.

Longitudinal Changes in Refractive Error {#S16}
----------------------------------------

Children with infantile ET remained moderately hypermetropic through age 7 years (at 7 years, M = +3.18 ±1.78 DS; [Figure 1](#F1){ref-type="fig"}). Most children had either no change or an increase in the amount of hypermetropia at 5 to 7 years compared to their initial visit; only 28% had a decrease of ≤0.5 DS over this age range. After age 7 years, refractive error decreased by approximately -0.50 DS/year so that, at age 11-12 years, M = +1.00 D±2.22 DS.

Half (50%) of the children had a decrease in the amount of hypermetropia at 8 to 10 years compared to their initial visit and 71% had a decrease in the amount of hypermetropia at 11 to 12 years compared to their initial visit. Children with more hypermetropia on the initial visit showed larger decreases in hypermetropia during follow-up ([Figure 2](#F2){ref-type="fig"}). Nonetheless, children who had ≤+5.00 on their initial visit (n=19) had a mean decrease in of only 1.1±2.4 DS by 8-10 years (approximately 0.5DS/yr) and all 19 remained hypermetropic at the final visit.

Mean astigmatic error remained negligible throughout age 7 years (J~0~ = 0.27±0.47 DC; J~45~ = -0.07±0.26 DC; [Figure 1](#F1){ref-type="fig"}). The prevalence of anisometropia remained approximately constant throughout follow-up (7-11%). Most anisometropia that was present during infancy (9 of 13 cases; 69%; range of anisometropia on initial visit: 1.00 to 3.75 DS) resolved during follow-up but new cases developed, including 10 new cases of anisometropia with onset ≥5 years of age (range of anisometropia on most recent visit: 1.00 to 2.25 DS).

Comparison to Normal Growth of the Eye {#S17}
--------------------------------------

Compared to the normal rapid decline in hypermetropia during the first 9-12 months of life reported in the literature,[@R23], [@R25], [@R30], [@R31] children with infantile ET showed little change in hypermetropia during infancy ([Figure 3](#F3){ref-type="fig"}). On the other hand, the 0.50 DS/year myopic trend that was present in children with infantile ET between 7 and 12 years of age is similar to normative data.[@R32]-[@R34]

Amblyopia {#S18}
---------

Similar changes in refractive error with age were found for subgroups of patients with infantile ET who were never amblyopic, were diagnosed with amblyopia only during infancy (by fixation preference), or had short-term amblyopia at age 2-5 years ([Figure 4](#F4){ref-type="fig"}). All subgroups remained moderately hypermetropic through age 7 years and, after age 7 years, refractive error decreased by approximately -0.50 DS/year. For the subgroup of children who had persistent amblyopia that was present from age 5 years until the final visit, there was a suggestion of a smaller total change or slower rate of change with age after 7 years of age, averaging about -0.25 DS/year but this was not statistically significant (Subgroup × Age interaction for ages 5-12 years: F~6,117~=0.38; p=0.68).

Weaning from Spectacles {#S19}
-----------------------

In addition to the 47 children who received spectacle correction for hypermetropia at the first or second visit, an additional 35 began spectacle wear postoperatively (beginning at 1.5-4 years of age) for a total of 82 children with longterm spectacle wear. Of these 82 children, 46 had an attempt to wean from spectacle wear gradually by initiating undercorrection by 0.50 to 1.00 DS at 5-7 years of age and progressively decreasing the hypermetropic correction in 0.50 DS or 1.00 DS increments at every 6-month intervals as long as the child was able to maintain adequate alignment at distance and near with the reduced power. [Figure 5](#F5){ref-type="fig"} shows the course of refractive changes in the group that had weaning attempted and in the group that did not. The refractive changes as a function of age were similar in both groups. In the weaning group, 32% of the children with an initial refractive error \>+3.00 DS had a final refractive error of 0.00 to +1.00 OS, which was not statistically significantly different from the prevalence of 25% in the no weaning group.

Accommodation {#S20}
-------------

Children with nonaccommodative infantile ET, with initial visit refractive error ranging from -0.75 to +3.00DS, had a slight increase in hypermetropia during the first 5 years of life (+0.5±0.3DS) followed by a progressive decrease in hypermetropia (0.50±0.41 DS/yr) during years 8-12. Children with infantile accommodative ET had higher refractive errors on their initial visit (range +3.00 to +7.00DS) and showed little change during the first 5 years, but experienced similar decreases in hypermetropia (0.61±0.32 DS/yr) during years 8-12. Children with partially accommodative ET experienced a mean decrease of 0.38±0.66 DS/yr. There were no statistically significant differences among nonaccommodative, accommodative, and partially accommodative groups in the rate of change in refractive error during years 8-12 (F~2,142~ = 0.92, p=0.40).

Binocular Factors {#S21}
-----------------

Children with anisometropia on the initial visit had statistically significantly more hypermetropia than children without anisometropia in the more hypermetropic eye (+3.52±1.81 vs +2.52±1.83 DS; t~141~=2.07; p=0.04) and trended toward statistically significantly less hypermetropia than children without anisometropia in the less hypermetropic eye (+1.69±1.81 vs +2.52±1.83 DS t~141~=1.80; p=0.07). Anisometropic children showed statistically significant decreases in hypermetropia during follow-up and, in 9 of 13 (69%), loss of anisometropia.

Children with normal stereoacuity at≥5 yr of age (≤60 arc sec on the Preschool Randot Stereoacuity test) had statistically significantly more hypermetropia at their initial visit than those with reduced (3.95±1.99 vs 2.25±1.78 DS, t~60~=3.13, p=0.003) or nil stereoacuity (3.95±1.99 vs 2.43±1.84 DS, t~74~=2.78, p=0.007, respectively) and at their 5-7 year visit (3.97±1.47 vs 2.67±1.88 DS, t~60~=2.13, p=0.04 and 3.97±1.99 vs 2.69±1.93 DS, t~74~=2.15, p=0.04, respectively). Beyond 7 years of age, there were no statistically significant differences.

Regardless of motor outcome following the initial surgery or duration of ET prior to stable alignment, a similar trend in refractive development was found, with stable or slightly increasing hypermetropia through age 7 years followed by progressive decreases in hypermetropia through age 12 years.

Discussion {#S22}
==========

Most children with infantile ET had low to moderate hypermetropia on the initial visit prior to 6 months of age, and the hypermetropia either remained stable or increased through at least age 5 years. Beginning at age 8 years and continuing through age 12 years, hypermetropia decreased by 0.5 DS/yr on average. The pattern of refractive development in children with infantile ET was distinctly different from that previously reported for normative cohorts of children.[@R23]-[@R25], [@R30]-[@R35] In normative cohorts, children typically undergo a rapid decrease in hypermetropic refractive error between 3 and 9 months, followed by long period of near-emmetropia from 1 to 5 years of age. On the other hand, after age 5 years, the children with infantile ET are similar to the reported normative cohorts in that both show myopic shifts of -0.5DS/yr after 7 years of age and those with the highest initial amounts of hypermetropia show greater myopic shift.

Children with an accommodative ET show a similar trend of little change or slight increase in hypermetropia prior to 7 years, then decreasing hypermetropia after age 7 years;[@R36]-[@R39] however, they show slower rate of change (0.11-0.18DS/yr) in hypermetropia than our infantile ET cohort.[@R36]-[@R39] This is surprising because, at least in infancy, the rate of change is correlated with degree of refractive error[@R25], [@R27] and the accommodative ET cohorts have higher initial hypermetropia than our infantile ET cohort.[@R36]-[@R39] Within our cohort of infantile ET, even those with high hypermetropia on the initial visit (≥+5.00 DS) had approximately the same 0.5DS/yr rate of decrease in hypermetropia after age 7 years.

There is some evidence that amblyopia may affect emmetropisation in strabismic amblyopia and moderate to high hypermetropia.[@R40] However, in agreement with Rutstein and Corliss,[@R41] we found that amblyopia had no statistically significant impact on the change in hypermetropia over time in children with strabismic amblyopia. Our data were presented for right eyes, regardless of which eye was amblyopic, but re-analysis of amblyopic and fellow eye separately yielded similar results. Taken together, these two studies suggest that amblyopia is not a major factor in refractive change over the first 12 years of life in strabismic amblyopia with low to moderate hypermetropia; whether this finding can be generalized to other forms of strabismic amblyopia is unknown.

Based on evidence that infant rhesus monkeys who wear plus lenses become more hypermetropic,[@R42], [@R43] it has been suggested that providing the full hypermetropic spectacle correction may interfere with emmetropisation.[@R39] Our weaning data ([Figure 5](#F5){ref-type="fig"}) do not support this hypothesis. There were no statistically significant differences among patients with nonaccommodative ET, accommodative ET, and partially accommodative ET groups in the lack of change in hypermetropia during the first 5-7 years of life or in the rate of change in refractive error during years 8-12. In addition, although the success of undercorrection of hypermetropia in children with acquired accommodative ET in reducing hypermetropia has been reported to be 60% in a small series of 10 patients,[@R37] we found that undercorrection of hypermetropia did not affect the rate of decrease in hypermetropia that began after 7 years of age nor did weaning affect the proportion of children with initial refraction \>+3.00DS who achieved a final refraction of 0.00 to +1.00DS. This result is similar to a recent study of 285 children with accommodative ET, in which weaning had no effect on rate of decrease of hypermetropia after age 7 years.[@R36] None of the factors associated with binocular function (anisometropia, stereoacuity, duration of misalignment prior to achievement of stable alignment) affected the developmental changes in refractive error in children with infantile ET.

In summary, children with infantile ET exhibit a different pattern of refractive development in comparison with normative cohorts. During the first 9 months, the axial growth of the eye normally reduces hypermetropia because its dioptric effects exceed the effects of losses in corneal and lens power.[@R24], [@R44] Whether the different pattern of refractive development observed in children with infantile ET is due to differences in maturation of axial length, cornea, and/or lens is unknown. The decline of hypermetropia at a rate of approximately -0.5 DS/yr beginning at age 8 years, whether or not the child wore full spectacle correction of hypermetropia, suggests that spectacle wear does not disadvantage the growing eye of children with infantile ET. Due to changes in refraction after age 7 years, there is a need for long-term follow-up of these children.
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![Spherical equivalent of the right eye at the 5-7, 8-10, and 11--12 year outcome visits related to spherical equivalent at the initial visit. Lines show the best fit linear regression for each outcome visit on initial visit refraction. The best fit lines for regression of outcome refractive error on initial refractive error was y=0.75×+0.92 (r=0.67) for outcome at 5-7 years, y=0.80×-0.14 (r=0.61) for outcome at 8-10 years, and y=0.61×-0.52 (r=0.56) for outcome at 11-12 years.](nihms-227756-f0002){#F2}
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![Mean ± standard error spherical error (M) for right eyes of children with infantile ET who were never amblyopic, were diagnosed with amblyopia only during infancy (by fixation preference), had short-term amblyopia at age 2-5 years, or who had amblyopia that persisted beyond 5 years of age despite longterm and/or multiple attempts to treat.](nihms-227756-f0004){#F4}
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